A field experiment was conducted during rainy seasons of 2007 -2009 to study the effect of different sources and levels of phosphorus on productivity of soybean [Glycine max (L.) Merrill]. The treatments consisted of four sources of phosphorus [Single super phosphate (SSP), Di-ammonium phosphate (DAP), Single super phosphate (SSP)+Phosphate solubilizing bacteria (PSB), Di-ammonium phosphate (DAP)+Phosphate solubilizing bacteria (PSB)], four levels of phosphorus (20, 40, 60 and 80 kg P 2 O 5 ha -1 ) and one absolute control(without any fertilizer and PSB). Application of SSP+PSB produced significantly higher number of nodules per plant, dry weight of nodules per plant, number of pods per plant and 100-seed weight than the other treatments. Maximum grain yield and total phosphorus uptake were also recorded when using SSP+PSB. Yield www.ccsenet.org/jas Journal of Agricultural Science Vol. 4, No. 6; 2012 45 attributing characters, grain and stover yield were increased with increasing levels of phosphorus. Regarding evaluation of various efficiency fractions of soybean, agronomic efficiency, physiological efficiency and phosphorus use efficiency had more pronounced effects on combined application of SSP+PSB. However, apparent recovery of phosphorus was higher in DAP+PSB due to higher stover yield and higher phosphorus uptake. Among the different levels the efficiency fractions increase up to 60 kg P 2 O 5 ha -1 and declined at 80 kg P 2 O 5 ha -1 .
Large amount of P applied as fertilizer enters into the immobile pools through precipitation reaction with highly reactive aluminium (Al + ) and iron (Fe 3+ ) in acidic, and calcium (Ca 2+ ) in calcareous or normal soils (Gyaneshwar et al., 2002; Hao, et al., 2002) . Efficiency of P fertilizer throughout the world is around 10-25% (Isherword, 1998) , and concentration of bioavailable P in soil is very low reaching the level of 1.0 mg kg-1 soil (Goldstein, 1994) . Soil microorganisms play a key role in soil P dynamics and subsequent availability of phosphate to plants (Richardson, 2001) . Microbial community inf1uences soil fertility through soil processes viz. decomposition, mineralization, and storage/release of nutrients. Microorganisms enhance the P availability to plants by mineralizing organic P in soil and by solubilizing precipitated phosphates (Chen, et al., 2006; Kang, et al., 2002; Pradhan and Sukla, 2005) . Phosphate solubilizing bacteria (PSB) are being used as biofertilizer since 1950s (Kudashev, 1956; Krasilinikov, 1957) . Release of P by PSB from insoluble and fixed/adsorbed forms is an import aspect regarding P availability in soils. There are strong evidences that soil bacteria are capable of transforming soil P to the forms available to plant. Microbial biomass assimilates soluble P, and prevents it from adsorption or fixation (Khan and Joergesen, 2009) . Nutritional capacity of Single Super Phosphate (SSP) was further improved by PSB inoculation due to its ability to convert sparingly soluble inorganic phosphate into soluble forms by secreting organic acids (Arora and Gaur, 1979) . Microorganisms through secretion of different types of organic acids like carboxylic acid (Deubel and Merbach, 2005) and rhizosphere pH lowering mechanisms (He and Zhu, 1988) dissociate the bound forms of phosphate like Ca 3 (PO 4 ) 2. Among various factors that can contribute to soybean success, phosphorus and inoculation had quite prominent effects on nodulation, growth and yield parameters (Kumaga and Ofori, 2004) . It is well known that more than two-third of phosphatic fertilizers are render unavailable within a very short period of time after its application due to fixation in soil complex as di and tri-calcium phosphate (Mandal and Khan, 1972) . Application of phosphorus along with phosphate solubilizing bacteria (PSB) improved phosphorus uptake by plants and yields indicating that the PSB are able to solubilize phosphates and to mobilize phosphorus in crop plants (Rogers and Wolfram, 1993) . In this respect, biofertilization technology has taken a part to minimize production costs and at the same time avoid the environmental hazards (Galal, et al., 2001 ). With the above-mentioned facts the study was undertaken to investigate the best source and level of phosphorus on yield attributes, yield and quality of seed and efficiency of phosphorus in soybean.
Materials and Methods
Field experiments were conducted for three consecutive years at the Agricultural Research Station of Central Agricultural University, Imphal, India during [2007] [2008] [2009] ) and one absolute control (without any fertilizer and PSB). All the doses of phosphorus treatments and recommended doses of nitrogen (20kg-1 ) and potassium (40kg-1 ) were applied as basal before sowing. Nitrogen supplied from DAP treatment was calculated and adjusted with the recommended dose to be applied without considering the available nitrogen in soil. Soybean seeds were inoculated with the Phosphate solubilizing bacterial (stain Pseudomonas striataculture) at 5g kg -1 seed before sowing as per treatment. Soybean was sown at a spacing of 45cm x 10cmwith a rate of 60kg seeds ha -1 . One hand weeding was done at 30 days after sowing. The crop was sown in the first week of June and harvested in the second week of October in all the experimental years.
Growth Characteristics and Nodulation
Plant height was recorded at the time of maturity. Data on nodulation were recorded from five randomly selected plants at 60 days after sowing. Plants were carefully uprooted from each plot so that no nodules were left in the soil. The roots were thoroughly washed in water and the nodules from the roots of each plant were separately collected and counted. The nodules were air-dried in the oven at 65 °C for 72 hr. Then the dry weights of the nodules were recorded.
Yield and Its Component Characteristics
Yield and its components such as number of pods plant -1 , number of seed pod -1 , hundred seed weight, grain yield and stover yield were determined at maturity stage.
Chemical Analysis
Foliar diagnosis was done in the fully youngest expanded leaf, picked at the crop flowering stage. Leaves and grain samples from each plot were oven dried at 70 o C for constant weight and ground for determination of total nitrogen, phosphorus and oil contents.
Determination of Available Phosphorous
Available phosphorus was estimated by Bray's and Kurtz No.1 method (Jackson, 1973) .
Estimation of Oil Content
The oil content of soybean seeds was estimated by adopting Soxhlet Ether Extraction method (Sadasivam and Manickam, 1996) .
Estimation of Protein
Total nitrogen content of soybean grain was determined by Micro-Kjeldahl method as recommended by the Association of Official Analytical Chemists (AOAC, 1975) , with modifications. Nitrogen contents were multiplied by dry matter-based factor 5.71 to determined total protein content (Sadasivam and Manickam, 1996) .
Nutrient Uptake
Nutrient uptake was calculated by multiplying the phosphorus content of soybean grain and stover with their respective yield.
Phosphorus Efficiency
Beneficial effects of the different sources and levels of phosphorus were assessed by calculating the following parameters according to Mengel and Kirkby (2001) .
Agronomic Efficiency of P (kg kg -1 ) = (yield F -yield C)/ Fertilizer P applied.
Physiological Efficiency of P (kg kg -1 ) = (yield F -yield C)/ (P uptake F -P uptake C) Apparent P Recovery (%) = (P uptake F -P uptake C)/ (Fertilizer P applied) x 100.
Where, F = Fertilizer applied C = Control (without fertilizer).
Phosphorus use efficiency (PUE) was calculated as per Goodroad and Jellum (1998) .
PUE (%) = Physiological efficiency of P x Apparent P recovery.
Experimental Design and Statistical Analysis
In all, 17 treatments were tested in two-factor randomized block design with three replications. All the data pertaining to the present investigation were statistically analyzed as per the method described by Gomez and Gomez (1984) . The statistically significance of various effects was tested at 5 per cent level of probability.
Results and Discussion

Sources of Phosphorus
Effect of Sources of Phosphorus on Growth and Nodulation
The data in Table 1 revealed that the different sources of phosphorus influenced significantly plant height. Maximum plant height (52.75 cm) was recorded from the treatment DAP+PSB followed by SSP+PSB (49.75cm) and the lowest (25.33cm) from control. Microorganisms with phosphate solubilizing potential increase the availability of soluble phosphate and enhance the plant growth by improving biological nitrogen fixation (Kucey, et al., 1989; Ponmurugan and Gopi, 2006) . Different sources of phosphorus also influenced significantly the number of nodules plant -1 at 60 days after sowing. Combine application of SSP and PSB produced significantly higher number of nodules plant -1 (32.23) and the lowest from control (21.00). The increase in nodule number with P may have a diluting effect, as P is known to stimulate nodulation (Sarkar and Mukherjee, 1991; Ankomah, et al., 1996) . Legumes require phosphorus for adequate growth and nitrogen fixation (Griller and Cadisch, 1995) . Phosphorus deficiency can limit nodulation by legumes and phosphorus fertilizer application can overcome the deficiency (Carsky, et al., 2001 ). The treatment SSP+PSB produced maximum dry weight of nodules plant -1 (143mg) and the lowest (113mg) was obtained from the control. It might be due to more number of nodules plant -1 . Phosphorus deficiency has been shown to restrict severely the nodulation process in soybean. Phosphorus has specific role in nodule initiation, growth and function in addition to its role in host plant growth.
Effect of Sources of Phosphorus on Yield and Its Attributes
The data in Table 1 revealed that different yield attributing characteristics of soybean like number of pods plant -1 , number of seeds pod -1 and hundred seed weight were significantly influenced by different sources of phosphorus. Maximum number of pods plant -1 (72.92) was recorded from the treatment SSP+PSB and the lowest (29.67) was obtained from the control. The number of seeds pod -1 is perceived a significant constituent that directly imparts in exploiting potential yield recovery in leguminous crops. The number of seeds pod -1 obtained from SSP+PSB was found to be at par with that of DAP+PSP but it was significantly higher than SSP and DAP alone. It shows that when SSP or DAP was applied alone without PSP the phosphorus become unavailable to plant at later growth stages. Similarly, hundred seed weight was also maximum treated with SSP + PSB (13.27g) followed by DAP + PSB (13.23g) and the lowest (10.73g) was obtained from the control. Better growth and development of crop plants due to phosphorus supply and nitrogen uptake might have increased the supply of assimilates to seed, which ultimately gained more weight. Similar achievements on hundred seed weight with phosphorus are reported by Kar, et al. (1989) , Hiremath (1990), Chauhan, et al. (1992) and Anchal, et al. (1997) .
The effect of different sources of phosphorus on soybean grain and stover yield was found to be significant. Maximum grain yield (1529 kg ha -1 ) was obtained from SSP+PSB followed by DAP+PSB (1447 kg ha -1 ). This might be due to the cumulative favorable effect of higher number of pods plant -1 and higher hundred seed weight (Table 1 ). The better performance of SSP+PSP compared to other sources might be attributed to readily available phosphorus resulting in better absorption and utilization of phosphorus by plant and presence of other important plant nutrients i.e. sulphur. Sulphur, besides increasing phosphorus availability (Sacchidanand, et al., 1980 ) also increases its assimilation rate. Phosphate solubilizing bacteria enhance the phosphorus availability to plants by mineralizing organic P in soil and by solubilizing precipitated phosphate (Chen, et al., 2006; Kang, et al., 2002; Pradhan and Sukla, 2005) . Badret (1986), Dubey, et al. (1997) have also reported significant increases in grain yield of soybean due to co-inoculation of phosphorus solubilizers. Higher crop yields resulted from solubilization of fixed soil P and applied phosphates by PSB (Zaidi, 1999) . Phosphorus has important effects on photosynthesis, nitrogen fixation, root development, flowering, seed formation, fruiting and improvement of crop quality (Brady, 2002) . The maximum stover yield (2394 kg ha -1 ) was obtained from the treatment DAP+PSB and the lowest (1073 kg ha -1 ) was obtained from the control. This might be due to the combine effect of DAP, which contains both phosphorus and nitrogen as well as enhancement of phosphorus availability to plants by mineralizing organic phosphorus in soil and by solubilizing precipitated phosphates.
Effect of Sources of Phosphorus on Oil and Protein Content of Soybean Seed and Their Yield
Oil and protein content of soybean seed was significantly influenced by different sources of phosphorus ( Table  2) . Application of SSP+PSP significantly produced higher oil content (18.53%)), and protein content (35.35%) and the lowest were in the control. This might be due to the presence of sulphur in SSP, which is involved in the synthesis of fatty acids and also increase protein quality through the synthesis of certain amino acids such as cysteine and methionine. It is evident from the results that sulphur had remarkable influence on oil and protein content. Similar findings were also reported by Havlin, et al. (1999) and Kandpal and Chandel (1993) . Phosphate solubilizing bacteria also are capable of transforming soil phosphorus to the forms available to plant. Similarly, www.ccsenet.org/jas Journal of Agricultural Science Vol. 4, No. 6; oil and protein yield were also maximum with the treatment SSP+PSB. This was due to higher oil and protein content of seed as well as higher grain yield per unit area.
Effect of Sources of Phosphorus on Phosphorus Uptake and Efficiency
Phosphorus uptake by seed was maximum (6.28 kg ha -1 ) with treatment SSP+PSB and the lowest from control (2.8 kg ha -1 ). This might be due to higher phosphorus content in seed and higher seed yield. In contrast, phosphorus uptake by stover was maximum (7.52 kg ha -1 ) with DAP+PSB. This might be due to higher yield of stover as well as phosphorus content in stover. But the total uptake of phosphorus was found to be at par with the treatments SSP+PSB and DAP+PSP.
Agronomic efficiency of phosphorus was significantly influenced by different sources of phosphorus. Combined application of SSP and PSB significantly produced higher agronomic efficiency of phosphorus than the other sources of phosphorus. It was 47, 28.23 and 15.49 percent higher than SSP, DAP and DAP+PSP, respectively. Whalen and Chang (2001) also reported that effectiveness of inorganic phosphorus fertilizers was increased by the addition of organic manure. Phosphorus recovery was found to be at par with SSP+PSB and DAP+PSB. It was significantly higher than that when applied SSP or DAP alone. This might be due to higher grain and stover yield as well as more phosphorus uptake. Physiological efficiency of phosphorus (PEP) and phosphorus use efficiency (PUE) was also influenced by different sources of phosphorus. Application of SSP+PSB and DAP+PSB produced maximum physiological efficiency of phosphorus (PEP) and phosphorus use efficiency (PUE) than using SSP or DAP alone (Table 3 ). This might be due to improved efficiency of the phosphorus fertilizers by the activity of phosphate solubilizing bacteria. Effectiveness of inorganic phosphorus was increased and phosphorus recovery was improved with the addition of organic manure (Whalen and Chang, 2001 ). Cassman, et al. (2002) also reported that nutrient efficiency was greatly affected by the amount of nutrient used and by the synchronization between demand and supply of the nutrients. Shah, et al. (2001) also reported phosphorus uptake efficiency and yield increased with phosphorus application and with inoculation.
Levels of Phosphorus
Effect of Level of Phosphorus on Growth and Nodulation
The data in Table 1 revealed that plant height, number of nodules plant -1 and nodule dry weight plant -1 significantly increased by increasing levels of phosphorus. Application of 80 kg P 2 O 5 ha -1 produced maximum plant height (47.75 cm), number of nodules plant -1 (35.67) and nodule dry weight (152 mg plant -1 ). The lowest was recorded from control. As it is known, phosphorus is involved in several energy transformation processes and biochemical reactions including nitrogen fixation. Root development, stalk and stem strength, and nitrogen fixation in legumes are attributes associated with phosphorus nutrition. It shows that phosphorus is needed in relatively large amounts by legumes for growth and nitrogen fixation and has been reported to promote biomass yield, nodule number, nodule mass etc., in a number of leguminous crops (Berg and Lynd, 1985; Pacovsky, et al., 1986; Kashurikrishna and Aulawat, 1999) .
Effect of Levels of Phosphorus on Yield Attributes and Yield
Application of different levels of phosphorus significantly influenced yield attributing characteristics of soybean like number of pods plant -1 , number of seeds pod -1 and hundred seed weight. Application of phosphorus at 80 kg ha -1 produced maximum number of pods plant -1 (76.25), seeds pod -1 (2.84) and hundred seed weight (13.43g) and the lowest was obtained from the control. Hernandez and Cuevas (2003) also reported significant high number of seeds pod -1 was recorded when 100kg P 2 O 5 ha -1 was applied and minimum number of seeds pod -1 when no phosphorus was applied. These results confirm the findings of Tomar, et al. (2004) who also observed significant differences in number of seeds pod -1 when inoculation and different levels of phosphorus were applied.
Grain and stover yield of soybean was also increased with increasing level of phosphorus fertilizer. The maximum grain yield (1656 kg ha -1 ) produced by the application of 80 kg P 2 O 5 ha -1 was found to be at par with that of 60 kg P 2 O 5 ha -1 . The increase in seed yield might be due to more number of pods plant -1 , seeds pod -1 and/or hundred seed weight. The low yield of soybean grain at lower levels of phosphorus was probably due to lesser magnitude of phosphorus response. Stefanescu and Palanciuc (2000) ; Landge, et al. (2002) ; Umale, et al. (2002) ; Ilbas and Sahn (2005) ; Tapas and Gupta (2005) and Jain and Trivedi (2005) also reported that seed yield of soybean increase with inoculation and applying higher levels of phosphorus. Maximum stover yield (2735 kg ha -1 ) was obtained from the application of 80 kg P 2 O 5 ha -1 followed by 60 kg P 2 O 5 ha -1 (2363 kg ha -1 ). The higher value of stover yield at higher level of phosphorus is owing to significantly higher value of dry matter per www.ccsenet.org/jas Journal of Agricultural Science Vol. 4, No. 6; plant besides the other growth and yield parameters. These findings are in conformity with the results of Sarkar, et al. (1997) .
Effect of Levels of Phosphorus on Oil, Protein Content and Its Yield
Oil content of soybean seed increases with increasing levels of phosphorus fertilizer (Prasad, et al., 1991) . Similarly oil yield was also increased in the same trend. This might be due to higher oil content as well as higher grain yield. Similar finding was also reported by Tomar, et al. (2004) who observed that inoculation and phosphorus application increased oil contents of soybean. Mehasen, et al. (2002) and Bardan (2003) also reported that more oil yield was produced when inoculation and higher doses of phosphorus were applied. Apart from other factors, quality of crop depends upon the protein content of seed, which is the major constituent of seed in legumes. The maximum seed protein content (35.2 percent) was achieved by using 80 kg P 2 O 5 ha -1 . In our study significantly lowest protein content (32.40 percent) was observed from control. In the same trend protein yield was also higher (511 kg ha -1 ) when using 80kg P 2 O 5 ha -1 and the lowest (287 kg ha -1 ) was obtained from the control (Table 2. ).
Effect of Levels of Phosphorus on Phosphorus Uptake and Efficiency
Total uptake phosphorus by soybean increases with increasing levels of phosphorus. The increased uptake of phosphorus was due to added supply of nutrients and well developed root system resulting in better absorption of water and nutrient. Maximum phosphorus uptake was obtained from 80 kg P 2 O 5 ha -1 and the lowest was obtained from the control (Table 3) . Kumar and Kushwaha (2006) also reported that total phosphorus uptake by pigeon pea significantly increased with increasing phosphorus level due to higher amount of biomass production and subsequently greater phosphorus accumulation by the plant. Shankaralingappa, et al. (2000) also made similar observations. Maximum agronomic efficiency of phosphorus (APUE) was observed from 60kg P 2 O 5 ha -1 owing to greater grain production per unit of phosphorus applied. Apparent phosphorus recovery was highest when using 40 kg P 2 O 5 ha -1 (Table 3 ). The declined in APUE and apparent phosphorus recovery with higher level of phosphorus might be due to fixation of phosphorus in the soil. In the same trend phosphorus use efficiency was also increased up to 60kg P 2 O 5 ha -1 and declined at higher level. Similar result was also reported by Kumar and Kushwaha (2006) .
Conclusion
From the above-mentioned results, it can be inferred that application of SSP+PSB significantly proved effective in enhancing the nodulation, yield attributes and yield of soybean. Similarly, agronomic efficiency of phosphorus, physiological efficiency and phosphorus use efficiency were also higher with applying SSP+PSB. The growth, yield attributes and yield were increased with increasing phosphorus levels. The efficiency fractions were increased up to 60 kg P 2 O 5 ha -1 and declined at 80 kg P 2 O 5 ha -1 . 
